Abstract-In magnetic induction communication systems, channel capacity is often a major bottleneck that limits the system performance. This paper proposes a method to increase the channel capacity in such systems by means of an antenna array. A central challenge in the design of magnetic antenna arrays is to achieve low intra-array coupling along with high gain. These two properties are essential for increasing the channel capacity in comparison to single antenna communication systems of comparable volume.The method proposed in this paper utilizes circular loop antennas to reduce the intra-array coupling using magnetic flux cancellation.The mathematic approach employed in this paper considers each coil as a system of coupled inductors, where each inductor is a single turn loop, and the total coil self and mutual inductances are computed by summing the appropriate single turn loop inductances. Volume efficient coil topologies are identified, and an optimization method is proposed to minimize the intra-array coupling, subject to a required inductance. The proposed method allows to design volume efficient, up to 3 × 3, array, or pyramidal shaped 4 × 4 arrays. The results are verified experimentally using the multiple-frequency communication mode.
if the transceivers are deeply buried, the MI communication is a viable alternative [12] , with lower path loss and constant channel conditions, even for time-varying channels [2, 5, 12] .
There are two main challenges associated with magnetic induction communication systems: range and channel capacity. The methods proposed to increase communication range may be divided into two categories: (a) waveguide-based techniques [1, 10, [13] [14] [15] [16] [17] [18] , and (b) sensitivity increase of the receiver. The waveguide techniques significantly reduce the path loss, and hence increases the communication range compared to ordinary MI systems and EM wave systems [18] . The additional method to increase the communication range, without increasing transmitting power, is improving the sensitivity of the receiver [19] [20] [21] [22] [23] [24] . These works focus on general search coil magnetometers, but their results can be employed in optimal design of MI communication receivers as well.
An additional method to increase channel capacity employs arrays of transmitting and receiving antennas. Such technology is widely employed in classic far-field EM communication and is implemented, for example, in devices operating under the 802.11n IEEE standard. In the area of MI communication, the use of antenna arrays was recently analyzed in [25] [26] [27] . In [25] the channel capacity of MultipleInput-Multiple-Output (MIMO) system is analyzed. In [26] a 3×3 MIMO array is proposed with partial intra-array coupling cancelation, which supports increased data rates. The work in [27] proposed a method to design a MI MIMO array with zero intra-array coupling. This cancelation is achieved by using a multiple-pole loop antenna, and is not limited to 2 × 2 or 3 × 3 array. Due to self-cancellation occurring in a multiple-pole loop antenna, the gain of quadrupole loop antenna is 9 dB lower than that of the circular loop antenna with same radii of 100 mm, and the gain loss rapidly increases with decrease of loop antenna radius [27] .
One challenge that arises in the design of magnetic antenna arrays is to achieve low intra-array coupling along with high gain. These two properties are essential for increasing the channel capacity in comparison to a single antenna communication system of comparable volume. In this light, this paper proposes a design based on circular loop antennas that avoids the gain reduction penalty associated with the multiple-pole loop designs. In addition, intra-array coupling cancellation is achieved by proper partial overlapping of the array elements, which stems from mutual magnetic flux cancellation. The mathematic approach employed in this paper considers each coil as a system of coupled inductors, where each inductor is a single turn loop. Both the self-and mutual-coil inductances are computed by summing the appropriate loop inductances. Then, a global optimization algorithm is employed to determine the coil locations and number of turns, to obtain the desired inductance and the minimal coupling between array elements. The proposed method allows to design a volume efficient,up to 3×3 array or a pyramidal shaped 4 × 4 array. It can be used in MIMO, or in multiple-frequency communication, and may be beneficial in applications where the channel capacity is low [28] . Results are validated experimentally, producing a volume efficient array with coupling coefficients between elements as low as 10 −8 .
ANTENNA ARRAY COMMUNICATION METHODS
This section considers two communication methods that are used with antenna arrays, MIMO and multiple-frequency. The relative advantages and disadvantages of both are explained for the special case of the magnetic induction communication. It is shown that intra-array coupling cancellation is needed in both to increase the channel capacity, and that the multiple-frequency method becomes a viable candidate in high range applications. To demonstrate the attractiveness of the multiple-frequency method, we start by reviewing the basic relations of magnetic induction communication in order to illustrate why the operational bandwidth reduces when range increases, and to explain the opposing requirements of range and channel capacity. We then show the importance of minimal intra-array coupling in the multiple frequency communication method. This result is illustrated based on a 3 × 3 array.
With the MIMO method the data stream at each array element is different, but all elements operate at the same frequency band. This method works well in classic far electromagnetic field and in multiplepath rich environments. Under such conditions, the capacity of the array is linearly proportional to the number of array elements, provided the intra-array coupling is minimized [27, 29] . In magnetic induction communication, the field is a quasi-static and non-propagating, and hence no multiple path exists. This results in a rank deficient channel, similarly to conventional far field MIMO systems with significant Line-of-Sight (LoS) components. In such situations the increase in capacity is not linearly proportional to number of array elements, and is significantly lower [29] [30] [31] [32] .
In contrast to MIMO, with the multiple-frequency method each antenna is fed with a different data stream, and operates at a different frequency band. Therefore, the channel capacity is linearly proportional to the number of the array elements, provided the required frequency band is available. Since increased range requires reduced bandwidth, the disadvantage of wider bandwidth in the multiplefrequency method diminishes at magnetic induction high range applications. Therefore, the multiplefrequency technique becomes more attractive in power limited, high range applications.
We now provide a brief review of magnetic induction communication equations that illustrate the basic relations between operational bandwidth and range. A typical SISO magnetic induction communication system includes the transmitting and receiving coils, series resonant capacitors, and load impedance, as illustrated in Fig. 1 .
The efficiency of the transmitter and receiver is
where R s and R load are the source and load resistances, and R ind 1,2 are the transmitter and receiver coil resistances, respectively. The quality factor of the transmitter and receiver are
And power delivered to the load at resonance frequency is [33] 
where P s is the source power, and k is the coupling coefficient between the two coils. The communication range depends on the signal-to-noise ratio (SNR) at the receiver, which is proportional to received power and to quality factor of the transmitting and receiving circuits. Hence, at increased range, the operational bandwidth must be decreased.
The channel capacity is proportional to SNR and to bandwidth, which is inversely proportional to the quality factor. The channel capacity at the edge of communication bubble, where signal to noise ratio equals unity is
where the fractional bandwidth is defined by the higher quality factor of the transmitter and the receiver:
Hence the channel capacity is inversely proportional to the quality factor:
Observing Eqs. (3) and (6), it is clear that increased range and channel capacity are opposing requirements, so higher range requires higher quality factor, and the bandwidth is reduced.
To demonstrate the impact of the intra-array coupling on the multiple-frequency communication system, we consider a 3 × 3 array and examine the input impedance of the transmitters. It is shown that the input impedance of each transmitter is affected by the adjacent coils for high quality factors, when the intra-array coupling is not minimized. The coupling between the array elements is chosen to be 0.019. Such coupling coefficient is the average value of coupling between two coplanar coils with axes separated at 1.1D out , where D out is the outer coil diameter, for wide range of number of layers and number of turns in each layer, as shown in Fig. 2 . The resonant frequencies of the three transmitters f 0,1 , f 0,2 , and f 0,3 are separated based on the 3 dB bandwidth:
where Q is the quality factor of the resonant circuit, and BW is the 3 dB bandwidth. Spice simulations reveal that such coupling coefficient between the adjacent coils is adequate when working with low quality factors, such as Q = 10. In such case the input impedances of the three transmitters are not affected by the mutual coupling due to large central frequency spacing, as shown in Fig. 3(a) . However, for increased range operation, high quality factor is required, and in such case, the mutual coupling of the array elements limits the performance, as shown in Fig. 3(b) for Q = 100. Therefore, for both MIMO and multiple-frequency communication, the intra-array coupling must be diminished to achieve high capacities.
THE PROPOSED ARRAY TOPOLOGY
This section shows the proposed approach of reducing the intra-array coupling using flux cancellation. A number of coil topologies, such as thin and thick solenoids and flat coils are investigated, with an objective to identify volume efficient configurations. Finally, an optimization procedure is proposed to obtain the minimal intra array coupling for a required inductance of the array elements. The proposed approach relies on flux cancellation in two partially overlapping loops. This principle is illustrated in Fig. 4(a) . When the loops are located at a certain distance p, the upward directed flux of coil 2 crossing coil 1 is cancelled by the downward directed flux of coil 2, resulting in zero net flux crossing coil 1. Such arrangement can be used for up to three coils in a nearly flat structure, as no more than three points can have identical distances between each one on a plane, as shown in Fig. 4(b) . This principle can also be applied to four elements, resulting in a 4 × 4 array. This requires a threedimensional structure forming a pyramid, with identical distances between each element, as shown in Fig. 4(c) . When complete coils and no single turn loops are considered, the optimal distance between coils varies from the optimal one found for two loops. Therefore, an approach to compute the coupling coefficient between two complete coils is described next. The method is based on considering each coil as a system of coupled inductors, where each inductor is composed of a single turn loop. The self-inductance of each turn is computed according [34] :
where R is the loop radius, and r is the wire radius. The self inductance of a complete coil requires computing mutual inductance of coaxial loops. The formula most frequently employed for this task is [35] :
where R 1 and R 2 are the loop radii; K and E are the complete eliiptic integrals of the first and second kinds; z 1 and z 2 are the heights of the loops, respectively. This expression is limited to coaxial case, and hence for mutual inductance between coils, the general formula that employs Bessel functions is given [35] :
where p is the axis pitch of the two loops, and z 2 z 1 is the vertical distance between the loops, as illustrated in Fig. 5 . The disadvantage of Equation (10) is that the integral is highly oscillatory, and even today its evaluation is much more time consuming than that of Eq. (9). The more numerically robust alternative to Eq. (10) is given in [36] : Figure 5 . Geometry of two coupled loops with axis pitch p and vertical displacement z 2 -z 1 .
To compute the self and mutual loop inductances of entire, multiple-turn coils, the self and mutual inductances of individual loops are represented in a matrix form, and the total coil self-inductance can be computed by summing all of the matrix entries related to this coil. The mutual inductance between two coils can be computed by summing all the mutual entries in the matrix. The self-inductance of a coil consisting of N 1 turns is computed by: (12) where M (self ) is a matrix consisting of self-inductances of the loops and loop-to-loop inductances of the coil. The mutual inductance between two coils consisting of N 1 and N 2 turns is:
where M (mutual) is a matrix consisting of loop-to-loop inductances of the two coils. Next, we demonstrate the coupling coefficients of the three partially overlapping coils, composing an array, as a function of the axis pitch p and the vertical displacement between them. The considered configurations include thin and thick solenoids, and flat coils. The considered array is schematically illustrated in Fig. 6 . As discussed previously, the coupling coefficient between each two coils has a deep notch at a certain distance. In this simulation,the coils parameters are as follows: the inner radius is 4 cm, wire diameter is 0.5 mm, and wire pitch factor is 1.1. Due to the fact that minimal coupling occurs at partially overlapping coils, the coils are vertically displaced. The displacement between the top turn of the lower coil to the bottom turn of the upper coil is schematically depicted in Fig. 6 as h 12 and h 23 . The coupling coefficients of the array composed of the thin, single layer solenoids with 100 turns are shown in Fig. 7 . The coupling coefficients of the thick solenoids with 10 layers and 10 turns per layer are shown in Fig. 8 , and the coupling coefficients of the flat coils with 100 turns are shown in Fig. 9 . The results are validated by the CST Microwave Studio package for the case of a planar coil with 10 turns (Fig. 10) . The results are in good matching with the analytic solution, and demonstrate a coupling coefficient between the coils of 10 −5 . At all considered cases, the minimal coupling coefficient is below 10 −4 for vertical spacing below 5 mm, which results in virtually orthogonal coils that are required for efficient MIMO or multiplefrequency array operation.It can be concluded by observing Fig. 7-Fig. 9 that the compactness of the array, and the minimal achievable coupling,depend on the coil geometries. It can be seen that the array constituted of thick, multiple layer solenoid coils, results in the most compact arrangement.
For high range applications, where a high quality factor is required, the minimal coupling may be obtained by solving an optimization problem, in which the coil inductance serves as a constraint: min :
where n x is the number of layers, and n y is the number of turns in each layer. Explicitly, this optimization is defined as:
where three identical coils with N = n x n y turns are assumed. The indices i and j belong to the same coil, while the indices l and m belong to the first and second coils, respectively, and indices l and n belong to the first and third coils. The optimization minimizes the coupling between the three coils, subject to a certain required self-inductance. The internal radius of the coil is chosen based on the application, and the radii of the loops constituting the coil are determined by the internal radius and the wire diameter. The optimization provides the optimal number of turns per layer n y and number of layers n x , and the optimal pitches between the coils axes p 12 and p 13 . This optimization problem is solved using a particle swarm Matlab solver.
The simulation results for ten coil values, spaced between 155 µHy and 1550 µHy are summarized at Fig. 11 : the coupling coefficient is shown in Fig. 11(a) , the axis pitches of the array elements are shown in Fig. 11(b) , and the resulting number of turns as function of inductance is shown in Fig. 11(c) .
EXPERIMENTAL RESULTS
The first experiment validates the minimal coupling between three array elements, and the second experiment illustrates the signals received in the minimally intra-array coupling system, and compares it to the signals received in a standard array. This is done with a multiple-frequency system, as it enables an easy visualisation of the benefit produced by the minimally coupled array. Three identical coils are wound on a bobbin with inner radius of 4 cm. Each coil has 6 turns per layer, 9 layers, utilizing wire with diameter of 0.5 mm. The measured inductance is 502 µHy. The coils are resonated with series capacitors of 56 nF at 30 kHz, and arranged in a volume efficient array, as shown in Fig. 12 . The low coupling between the coils in the array requires injection of high current into the transmitting coil. The frequency limitation of the employed AE Techron 2105 amplifier, leads to setting the injection frequency of 30 kHz. The coupled signal was measured by a spectrum analyzer. The coil locations are gradually varied to locate the minimum coupling point. The resultant axes pitch between the bottom/middle and middle/top coils is 6.6 cm, and the axes pitch between the bottom/top coils is 6.9 cm. The measured power is −92 dBm for adjacent coils, and −95 dBm for bottom to top coils. The excitation current was 5 A, supplied for short amount of time to prevent overheating of the coils. These measured power levels translate to coupling coefficients k 12 and k 13 of 1.2 × 10 −8 , and 8.4 × 10 −9 , respectively, which is worse than the simulation results. However, such low coupling coefficients, result in uncoupled coils in any practical communication system.
The second experiment emulates the multiple-frequency communication system. Towards this end, two identical arrays are placed at the distance of 50 cm. as shown in Fig. 13 . The three transmitting coils are resonated by series capacitors of 56 nF, parallel combination of two 110 nF, and triple parallel combination of 160 nF, to resonate at 30 kHz, 30.3 kHz, and 30.6 kHz, respectively. The quality factors of the resonant circuits are approx. 100. The three coils are excited at appropriate resonance frequencies, and the received signals are measured by an oscilloscope. The waveforms are downloaded and FFT is performed at Matlab, due to scope FFT resolution limitation of 500 kHz/div. The results are illustrated at 
CONCLUSIONS
Magnetic induction communication systems are a viable alternative to far field EM communication in challenging environments. However, due to the rapid decay of the near field with distance, these systems suffer from short range and low channel capacity. In this paper we propose a method to increase the channel capacity at a given range using an antenna array. The proposed method allows to reduce the coupling between the array elements, which is essential in both MIMO and multiplefrequency communication approaches. This is achieved by circular loop antennas, with proper partial overlapping that reduces the intra-array coupling due to magnetic flux cancellation. The mathematic approach employed to design this array considers each coil as a system of coupled inductors, where each inductor is a single turn loop, and the total coil self and mutual inductances are computed by summing the appropriate single turn loop inductances. Volume efficient coil topologies are identified, and an optimization is proposed to minimize the intra-array coupling subject to a required inductance. The proposed method allows to design volume efficient, up to 3 × 3, array, or pyramidal shaped 4 × 4 arrays. The designed array is verified experimentally, and intra-array coupling coefficients as low as 10 −8 are measured. In addition, the designed array is tested with a high-Q multiple-frequency communication scheme to show the lack of intra-array interference. This result is compared to a standard array, which severely suffers from this interference. The proposed method can be applied in a variety of magnetic induction communication systems that require higher channel capacity or higher range, such as underground, underwater, and bio-medical applications.
